The translational dynamics of the low molecular weight glass-former tris͑naphthylbenzene͒ have been studied on the length scale of a few nanometers at the glass transition temperature T g . Neutron reflectivity was used to measure isotopic interdiffusion of multilayer samples created by physical vapor deposition. Deposition with the substrate held at T g − 6 K allows observation of dynamics characterizing the equilibrium supercooled liquid. The diffusion coefficient measured at q = 0.03 Å −1 was determined to be 1 ϫ 10 −17 cm 2 / s at 342 K ͑T g ͒. The self-part of the intermediate scattering function I s ͑q , t͒ decays exponentially. Samples deposited well below T g show a substantial thermal history effect during subsequent translational motion at T g .
INTRODUCTION
In the past 20 years, significant advances have been made in our understanding of dynamics in supercooled liquids and glasses. [1] [2] [3] New theoretical approaches, [4] [5] [6] [7] and particularly the application of mode-coupling theory, [8] [9] [10] have spurred further experimental and simulation work. Powerful simulations have probed microscopic aspects of the dynamics, at least for moderately supercooled liquids. [11] [12] [13] [14] [15] [16] New experimental techniques, including single molecule spectroscopy, 17 dynamic hole-burning methods, 18 dielectric fluctuation spectroscopy, 19 multidimensional solid-state NMR methods, 20, 21 and solvation dynamics 22 have been used to interrogate dynamics near the glass transition temperature T g and provided insights not previously available.
One of the most interesting recent developments is the understanding that the dynamics near T g are spatially heterogeneous in at least some glass-forming systems. [22] [23] [24] Even for a single component liquid in a single thermodynamic phase, the dynamics of molecules in one region can be orders of magnitude faster or slower than the dynamics of molecules only a few nanometers away. Almost all of the direct information that we have about spatially heterogeneous dynamics comes from experiments that are sensitive to the reorientation of molecules. [22] [23] [24] For translational motion, we know that diffusion coefficients measured on large length scales in deeply supercooled liquids are unusually large as compared to reorientation times or the viscosity, and this is thought to be a consequence of heterogeneous dynamics. 25, 26 However, existing measurements of translational dynamics in supercooled liquids do not have spatial resolution at the single nanometer length scale and so the direct observation of the effect of heterogeneity on translational diffusion has so far been limited to a few studies of probe motion in polymeric glass formers. [27] [28] [29] In these systems, the effects of heterogeneity on translational motion are apparently so large that they persist even for measurements performed with a resolution of 150 nm.
Neutron scattering provides an elegant method to learn about translational motion on the nanometer length scale. The neutron wavelength is short ͑ ϳ 1 nm͒ and a much better match to the length scale of interest than the optical radiation ͑ ϳ 500 nm͒ used to study the translational motion of dye molecules. Neutron scattering from protons is very different from scattering from deuterons, providing an almost perturbation-free method for labeling certain molecules. Thus neutron scattering can provide information about selfmotion ͑to an excellent approximation͒ whereas optical methods are limited to probe motion. Dynamic neutron experiments ͓quasielastic neutron scattering ͑QENS͒ and neutron spin echo ͑NSE͔͒ have been used extensively to study translational motion in supercooled liquids; see, for example, Refs. 30 and 31. Unfortunately, these methods are limited at present to time scales of 100 ns or less, and thus are not yet useful to study translational motion near T g .
Static neutron scattering methods, such as neutron reflectivity, can be used to study very slow diffusion if a suitable sample can be constructed with a sharp boundary between layers of deuterio and protio molecules. 32, 33 Changes in the scattering curve with time can be related to changes in the composition profile. For neutron studies, a particularly useful experiment is to construct a structure that is isotopically periodic ͑the concentration of protio/deuterio material varies regularly throughout the sample͒ but otherwise chemically homogeneous. 33 Conceptually, this structure is useful because the motion of the molecules should be very similar in such a sample to motion in a bulk sample with no isotopic labeling or nearby interfaces. Practically, such samples give rise to strong diffraction peaks and the decay of these peaks with time provides direct information about translational motion at a well-defined wavelength. This type of experiment has previously been utilized to study translational motion in polymers, 33 metallic glass formers, 34, 35 and other systems 34 ͑in these latter cases, isotopes such as 57 Fe and 10 B were used͒.
Here we report, for the first time, the translational dynamics of a low molecular weight organic glass former at T g with nanometer resolution. We have studied tris͑naphthyl-benzene͒ ͑TNB͒, a typical fragile glass former. We use neutron reflectivity measurements as described in the previous paragraph. Multilayer samples of protio and deuterio TNB were prepared by physical vapor deposition, as illustrated schematically in Fig. 1 . Initially, the interfaces between h-TNB and d-TNB layers are quite sharp and multiple diffraction peaks are observed in the neutron reflectivity. Stated simply, the idea of this experiment is that the neutrons see the stripes in Fig. 1 but the molecules do not.
By following the time decay of the diffraction peaks at particular wave vectors, we have determined the diffusion coefficient for TNB at T g ͑342 K͒ at wave vectors of 0.03 and 0.05 Å −1 . We show that the amplitude of h-TNB/d-TNB concentration variations at q = 0.03 Å −1 decays exponentially in time ͑or very nearly so͒. Additionally, we show that any isotope effects in these experiments are very small. A surprising aspect of these experiments is that the observed translational motion depends sensitively on the substrate temperature during vapor deposition. We argue that the deposition within a few degrees of T g produces samples that are in the equilibrium supercooled liquid state; deposition at lower temperatures produces samples in which diffusion shows a strong dependence on thermal history. The diffusion coefficients reported here on the 5 nm length scale are about ten times smaller than values previously reported for TNB ͑Ref. 25͒ at T g on longer length scales. This could indicate that TNB molecules translate large distances before Fickian diffusion is an accurate description. We will report the wave vector dependence of the diffusion coefficient over a range of wave vectors in a future publication.
EXPERIMENTAL TECHNIQUE
1,3-bis͑1-naphthyl͒-5-͑2-naphthyl͒benzene, more commonly known as ␣␣␤-TNB or tris͑naphthylbenzene͒, was prepared as described previously. 36 The structure is shown as an inset in Fig. 2 . A partially deuterated isomer was also synthesized, in which the 14 sites on the two 1-naphthyl groups were isotopically substituted. The protio and deuterio versions of tris͑naphthylbenzene͒ will be subsequently referred to as h-TNB and d-TNB, respectively. Note that the literature prior to 1996 contains several papers characterizing a substance identified as 1,3,5-tri-␣-naphthylbenzene. Whitaker and McMahon established that these earlier studies were almost certainly performed on ␣␣␤-TNB.
36
Physical vapor deposition was used to create multilayer thin films of h-TNB and d-TNB. Samples were deposited onto 76 mm diameter, 3 mm thick silicon wafers ͑Wafer World and Virginia Semiconductor͒. The silicon was used as received, with the native oxide coating. The deposition rate was typically 0.15 nm/ s. The substrate temperature was held constant during deposition ͑ranging from 322 to 339 K͒ using a Lakeshore 340 controller with platinum RTD sensors. Prior to deposition, the substrate was spin coated with a 10 nm polystyrene layer ͑Polymer Source, ϳ10 6 g / mol͒, which acted to minimize the crystallization and dewetting of the TNB film during annealing. The polystyrene was a mixture of protio and perdeuterio chains, in order to approximately match the neutron scattering length density of the first protio TNB layer. Following deposition, the samples were slowly cooled and held at room temperature for one to five days before being annealed near T g .
The multilayer samples used in the neutron reflectivity measurements were constructed with each layer nominally 30 nm thick and a total of ten layers in each sample ͑see Fig.  1͒ . This created a periodic structure with a fundamental wavelength of 60 nm ͑the thickness of a single h-TNB/ d-TNB bilayer͒. The thickness of each layer was measured during deposition using a quartz crystal microbalance. After Neutron reflectivity data for an unannealed multilayer sample ͑sym-bols͒ and fit ͑solid line͒ found using REFLFIT. The numbers indicate the harmonic peaks in the reflectivity due to the periodic sample structure. The inset shows the structure of 1,3-bis͑1-naphthyl͒-5-͑2-naphthyl͒benzene ͑TNB͒.
preparation, the total sample thickness was measured by ellipsometry and found to agree well with the sum of the individual layer thicknesses. The precise thickness of each layer was determined by fits to the neutron reflectivity measurements on the as-prepared samples. Values from the reflectivity agreed with the quartz crystal microbalance measurements within about 5%.
Due to the geometry of the vapor deposition apparatus, the samples were created with a slight radial thickness gradient; the thickness in the 5 cm region probed by the neutron beam varied by 2%. This thickness gradient slightly blurs the initial concentration profile extracted from the neutron reflectivity data, but causes a negligible error in the reported diffusion coefficients.
The vapor deposition process created a very smooth top surface, with typically less than 1 nm of surface roughness. 37 This was determined by measurements of the top surface using atomic force microscopy ͑AFM͒ and fits to neutron reflectivity data on single layer TNB samples.
Thermal analysis was used to verify that vapor deposition did not chemically alter TNB. Differential scanning calorimetry ͑DSC͒ of TNB directly deposited into a DSC pan gave the same melting point as DSC experiments on TNB that had not been vapor deposited. Both melting points were in good agreement with the literature value. 36 Neutron reflectivity experiments were conducted at the NIST Center for Neutron Research at the National Institute of Standards and Technology ͑NCNR-NIST͒. The NG7 horizontal reflectometer utilized a 4.76 Å collimated neutron beam, with a wavelength divergence of 0.18 Å. The angular divergence of the beam was varied through the reflectivity scan and this provided a relative q resolution ⌬q / q = 0.04 ͑ q =4 sin / , where is the incident and final angle with respect to the surface of the film, as shown in Fig. 1͒ . Reflectivity measurements were performed during annealing by placing the sample into an in-line oven at the glass transition temperature T g = 342.0 K. The temperature was held constant to within ±0.1 K during the annealing process, which ranged up to 30 h. Scans were made over a q range from 0.01 Å −1 to a maximum of 0.13 Å −1 , with a typical duration of 30 min/scan.
The nanometer resolution of these experiments results from the small neutron wavelength and strong difference in neutron scattering from protons and deuterons. The scattering length densities for h-TNB ͑2.35ϫ 10 −6 Å −2 ͒, d-TNB ͑4.65ϫ 10 −6 Å −2 ͒, and h / d polystyrene ͑2.2ϫ 10 −6 Å −2 ͒ have been calculated based upon the known density and chemical composition, and the values for silicon oxide ͑3.45ϫ 10 −6 Å −2 ͒ and silicon ͑2.07ϫ 10 −6 Å −2 ͒ were obtained from the literature; these values are fixed during the analysis of the neutron reflectivity data. An analysis software package called REFLFIT, provided by NIST, was used to analyze the neutron reflectivity data. Figure 1 shows the nominal structure of the samples studied by neutron reflectivity. As described above, the samples were prepared by vapor deposition of protio and deuterio tris͑naphthylben-zene͒. A typical neutron reflectivity curve for a h-TNB/ d-TNB multilayer is shown in Fig. 2 . This sample was deposited at T g − 6 K, and was held at room temperature during this measurement without having been annealed. Multilayer structures give rise to a constructive interference pattern at wave vectors q related to the layer thicknesses. In this case, since the interfaces between the h-TNB and d-TNB layers are relatively sharp, multiple diffraction peaks ͑Bragg peaks͒ are observed. For a perfect sample in which every TNB layer has the same thickness, as shown in Fig. 1 , only odd harmonics should be observed ͑since the Fourier series for a square wave contains only odd terms͒. Figure 2 shows strong peaks for the fundamental reflection and the third and fifth harmonics, while the even harmonics are barely visible.
RESULTS

Structure of as-prepared samples.
The particular q values at which diffraction peaks occur is determined by the TNB layer thicknesses. Since the fundamental wavelength of these samples is about 60 nm, and q is related to by q =2 / , one might naively expect the fundamental peak to occur at q ϳ 0.010 Å −1 . Because the critical edge of Si occurs at q = 0.013 Å −1 , all the diffraction peaks are shifted to higher values of q, and the fundamental peak occurs at 0.017 Å −1 . This shift is negligible for the seventh and higher harmonics, allowing the lower harmonic peaks to be shifted to a corrected wave vector ͑denoted as qЈ͒ for subsequent analysis. For describing dynamics at particular length scales, these corrected qЈ values ͑which are indicative of the actual length scale in the sample͒ will be used throughout the remainder of this paper. In Fig. 2 , qЈ values for the first, third, and fifth harmonics are 0.011, 0.035, and 0.058 Å −1 , respectively, corresponding to wavelengths of 55, 18, and 11 nm.
The program REFLFIT was used to find the best fit to the neutron reflectivity data presented in Fig. 2 ͑shown as solid line͒. In this fitting procedure, the scattering length density ͑SLD͒ of each layer was fixed at the calculated values for pure h-TNB, d-TNB, h / d polystyrene, silicon oxide, and silicon. The overall structure of the multilayer sample was specified but the fitting program was free to adjust the thickness of each layer, the width of each interface, and the top surface roughness, in order to minimize the sum of the residuals. The scattering length density ͑SLD͒ profile of the multilayer sample corresponding to this calculated reflectivity curve is shown in Fig. 3 . The d-TNB/air interface is on the left, while the polystyrene and silicon oxide layers and the silicon substrate are at the greatest depth, near 300 nm. This plot of SLD is directly and linearly related to the concentration profile of h-TNB and d-TNB in the sample. Although the vapor deposition process produces surfaces with subnanometer flatness, our samples deposited at T g −6 K were observed to have h-TNB/d-TNB interfacial widths of roughly 4 nm. This presumably is due to translational motion that takes place during the roughly 2 h required for the deposition process.
Some readers might find the analogy between this experiment and an optical transmission grating to be helpful. If a glass slide has periodic stripes of metal deposited on it ͑e.g., a Ronchi ruling͒, a laser beam passing through the pattern will give rise to a series of diffraction peaks, with the
higher order peaks being less intense. If the width of the metal stripes matches the width of the gap between them, the diffraction pattern will contain only odd harmonics ͑as in Fig. 2͒ . The index of refraction for light is analogous to the scattering length density for neutrons. Evolution of the composition profile during annealing. Following the measurement of the unannealed samples at room temperature, each sample was annealed at 342 K in a specially constructed oven which allowed real time neutron reflectivity measurements. The time series for one multilayer is shown in Fig. 4 . The Bragg peaks decrease in intensity due to translational diffusion which further blurs the interfaces between h-TNB and d-TNB. The time evolution of the entire reflectivity curves, and, in particular, the decay rates of each Bragg peak, provides the data necessary to determine the evolution of the composition in the multilayer samples during the annealing process.
As a first step toward understanding the dynamics of TNB in these multilayer samples, translational motion was assumed to occur by Fickian diffusion. This has been shown to be a good description of dynamics in many high temperature liquids and for TNB even somewhat below the melting point. 38 For Fickian diffusion, the diffusion coefficient D is invariant with distance or wave vector and the mean square displacement is linear in time for all times. For Fickian diffusion, the amplitude of a composition wave with any q decays exponentially with a time constant that depends upon q and D:
S͑q,t͒/S͑q,0͒ = exp͑− q 2 Dt͒. ͑1͒
In an isotopically labeled system, if the dynamics and thermodynamics are not affected by labeling, this function is equivalent to the self-part of the intermediate scattering function, that is,
For an infinitely periodic system which is accurately described in the single scattering approximation, 39 these functions can be measured directly from the intensity of Bragg peaks like those shown in Fig. 4 ,
In practice, the format shown as an inset in Fig. 4 is useful for calculating this function; multiplying the reflectivity curve times q 4 removes that part of the signal that comes from reflection from any sharp interface. Figure 5 shows the normalized peak intensities of the third and fifth harmonic peaks following subtraction of the background, for a typical multilayer sample. As expected from Eqs. ͑1͒-͑3͒, the data are reasonably described by an exponential decay. If the normalized peak intensity falls to 1/e of its initial value in a time , then the diffusion coefficient can be estimated by Fig. 5 is useful for a quick evaluation of the experimental data and for quantitatively comparing experiments on different samples. As we show below, the diffusion coefficients obtained at the third and fifth harmonics using Eq. ͑4͒ are in error by about 30%. Based on model calculations, we know that the approximation represented by Eq. ͑3͒ is somewhat inaccurate for our samples because only a small number of periods ͑five sets of bilayers͒ are present in our multilayers. Equation ͑3͒ cannot be used to study the time dependence of the fundamental reflection at q = 0.017 Å −1 because this reflection is saturated and thus the single scattering approximation is not appropriate.
Prediction of neutron reflectivity during annealing. A more accurate procedure for comparing the neutron reflectivity data to the predictions of the Fickian diffusion model ͑with a particular value for D͒ is described in this section. ͑1͒ The reflectivity curve for the unannealed sample ͑or in some cases the first data set obtained during annealing͒ is fit using REFLFIT, and the SLD profile is extracted, as shown in Fig.  3 . ͑2͒ The SLD profile for the TNB portion of the sample is converted to a concentration profile, using the calculated values for the SLD for pure d-TNB and h-TNB. This defines the composition profile at t =0. ͑3͒ The t = 0 composition profile is reflected and placed adjacent to itself, which imposes reflecting boundary conditions on the subsequent diffusion process. This profile is Fourier transformed as a periodic structure, then attenuated at every q for a particular t as indicated by Eq. ͑1͒. The resulting function is inverseFourier transformed and the reflected portion of the profile is removed; this defines the composition profile at time t. ͑4͒ The composition profile at t is converted back to a SLD profile and the SLD profile of the polystyrene, silicon oxide, and silicon are added. REFLFIT is used to calculate the neutron reflectivity curve from this SLD profile and this reflectivity curve is compared to the experimental data. Figure 6 shows a comparison between a measured set of reflectivity curves and the curves calculated assuming Fickian diffusion. As described in the previous paragraph, the thick black curve is a fit to the data at t = 0. The thin black lines are predictions using D = 1.0ϫ 10 −17 cm 2 / s. Clearly the predicted curves are in excellent agreement with the experimental data, particularly for the third harmonic ͑q ϳ 0.03 Å −1 ͒. For this data set, a slightly different value of D produces a better fit for the fifth harmonic: D = 0.8 ϫ 10 −17 cm 2 /s ͑not shown͒. Due to the saturation of the fundamental reflection, only the third and fifth harmonics provide reliable diffusion coefficients for these samples. A small difference between the optimal D values for the third and fifth harmonics was observed in several samples and will be discussed below.
Does I s ͑q , t͒ decay exponentially? Essentially every measure of molecular motion in supercooled fragile liquids has a nonexponential correlation function associated with it. For TNB in particular, dielectric relaxation, 40 photon correlation spectroscopy, 41 and NMR ͑Ref. 42͒ experiments agree that dynamics near T g are well described by the KohlrauschWilliams-Watts ͑KWW͒ function exp͓−͑t / ͒ ␤ ͔ with ␤ = 0.5. In contrast, the Fickian model of diffusion predicts an exponential decay of I s ͑q , t͒ for all values of q. In reality, we expect that I s ͑q , t͒ should decay exponentially at low q and nonexponentially at high q. Thus it is of interest to quantify the time dependence of I s ͑q , t͒ in these experiments on TNB at T g .
As described above, Fig. 6 compares experimental reflectivity curves with the predictions of Fickian diffusion. If we focus on the third harmonic, we see that the time dependence of this peak is described exceedingly well by the Fickian model in which I s ͑q , t͒ decays exponentially ͑␤ =1͒. In order to quantify how nonexponential I s ͑q , t͒ could be and still be consistent with the experimental data, we present related comparisons in Figs. 7 and 8 using the same experimental data. For the calculations shown in Fig. 7 , I s ͑q , t͒ decays as a KWW function with ␤ = 0.5, while the calculations in Fig. 8 have ␤ = 0.7. Clearly the agreement between the experiment and calculation is better in Fig. 6 than in either Fig. 7 or 8 , and on this basis we conclude that I s ͑q , t͒ decays exponentially or nearly so. Quantitatively, these neutron reflectivity data are fully consistent with a ␤ = 1.0, but not with a value of ␤ ഛ 0.7. While there were some variations in the D values obtained for different samples ͑see discussion below͒, in every case, the time evolution was found to be exponential, or nearly so. Reproducibility. In order to test the reproducibility of these data, experiments have been repeated under the same deposition and annealing conditions. When two samples are prepared within a few days of each other, the observed diffusion is very similar. ͑The difference between the squares and triangles in Fig. 10 illustrates the typical agreement.͒ When two samples are prepared months apart, somewhat larger differences are observed. These differences are illustrated in Table I . For each of the three samples listed, we determined the best fit to the neutron reflectivity curves, optimizing the fit either for the third or fifth harmonic. For the third harmonic, fits that change D by 20% are easily distinguished, and for the fifth harmonic variations of 30% can be distinguished. In light of this, Table I indicates reasonable consistency among the different samples.
Variations in sample conditions such as silicon wafer substrate thickness or crystal orientation and the presence or absence of the underlying polystyrene layer were found to have no effect on the results. Generally, the TNB films began to crystallize during the annealing process. As determined by optical microscopy, crystallinity at the end of the annealing process varied from 0.2%-5%, with 2% being typical. We found no correlation between the level of crystallinity and the observed diffusion behavior.
Effect of thermal history. These experiments presented us with an interesting challenge. In order to produce samples with sharp interfaces between h-TNB and d-TNB, it is best to deposit the layers deep in the glassy state where no significant diffusion occurs during the 1 -2 h required to produce a multilayer sample. We observe that deposition at T g − 20 K produces considerably sharper diffraction peaks ͑not shown͒ than those produced by deposition at T g −6 K ͑shown in Fig. 2͒ . However, we found that deposition far below T g produced samples far from equilibrium that showed substantial thermal history effects during their subsequent annealing at T g . In this section, we show that deposition at T g − 6 K is a good compromise. We present evidence that diffusion during the subsequent annealing of such samples is independent of thermal history.
A series of multilayer samples was prepared by vapor depositing onto substrates held at temperatures ranging from T g −3 to T g − 20 K. Figure 9 shows the normalized peak intensity function for the third harmonic observed during the annealing of these samples at T g ; as described above, this function is directly related to I s ͑q , t͒. The sample deposited at T g − 20 K shows a long induction time, during which evolution of the concentration profile occurs only very slowly. Interestingly, this time is about 40 ␣ , where ␣ is the structural relaxation time at T g . 40 Samples deposited at or above T g − 12 K are very different from the T g − 20 K sample and are very similar to each other. We interpret the difference between the T g − 12 K curve and the T g − 6 K curve as just barely significant. The difference between the T g − 6 K and T g − 3 K curves is not significant given the larger uncertainty in the latter data set and because Eq. ͑3͒ is a worse approximation for the T g − 3 K curve. ͑Both of these follow because the initial peak amplitude was smaller in the T g − 3 K data͒. Thus we have used T g −6 K ͑=336 K͒ as our standard sample deposition temperature. We believe that such samples are essentially free of thermal history effects and thus represent the dynamics of TNB as an equilibrium supercooled liquid. A future publication will explore the origin of the very long induction times observed for samples deposited further below T g .
One other potential artifact related to thermal history was explored. Following deposition at T g − 6 K, the samples were typically held at room temperature ͑ϳT g −50 K͒ for several days before being annealed in the neutron beam line at T g . While we cannot easily eliminate this storage at room temperature from our experimental protocol, we can make two arguments that this does not have an important effect on subsequent diffusion. First, we note that samples held at room temperature for one day and seven days show no significant difference in behavior. One sample was held at room temperature for 12 months. The unannealed structure was unchanged by this waiting time, and subsequent annealing of this sample produced a third harmonic peak decay that was just slightly slower ͑about 20%͒ than samples held for only a few days at room temperature. Second, we checked that the introduction of additional thermal cycles between T g and room temperature had no effect on the observed diffusion. These data sets were indistinguishable from those that were measured during an uninterrupted annealing process, as illustrated in Fig. 10 . The triangles show the third harmonic peak decay for a typical sample with continuous annealing. The squares show the behavior of a sample annealed at T g for 1.5 h, then cooled to room temperature for 4 h, then returned to T g for another 1.5 h, then cooled to room temperature for 26 h, and then returned to T g for a final 4 h; only the time at T g is used to construct the figure.
Isotope influence. While these neutron reflectivity experiments are strictly measuring the interdiffusion of h-TNB and d-TNB, control experiments justify our assumption that the different isotopes have very similar dynamics. Reduced contrast neutron reflectivity experiments were performed using a multilayer structure with h-TNB for one set of layers and a 1:1 mixture of h-TNB/d-TNB for the alternating layers. Figure 10 shows that the decay of the third harmonic for a reduced contrast sample is very similar to those of our typical full contrast samples. The small differences that appear at times larger than 5000 s are due to the smaller initial peak height in the reduced contrast sample. Fits like those shown in Fig. 6 have been performed for one reduced contrast sample and the best fit value of D was identical within experimental error to that obtained for the corresponding full contrast sample. Dielectric relaxation measurements have been performed on h-TNB and d-TNB by Richert et al.. 40 Based on these measurements, the difference in T g values for these two molecules is 2 K. This small difference is qualitatively consistent with the evidence presented in this paragraph. ͑The dielectric measurements were consistent with the value of T g = 342 K for h-TNB used in this paper. 43 ͒
DISCUSSION
It is important to compare these neutron reflectivity results to previous measurements of self-diffusion of TNB at T g . Using a real-space ion beam technique forward recoil spectrometry ͑FReS͒, D values have been reported over the temperature range T g to T g + 20 K, with a value D = 1.6 ϫ 10 −16 cm 2 / s reported at T g . 25 These FReS results showed a much weaker temperature dependence for translational diffu- sion than that reported for the viscosity in the supercooled regime. This leads to an enhancement of diffusion by a factor of 400 relative to the Stokes-Einstein prediction at T g . The diffusion coefficient determined by FReS is about one decade larger than the values determined by neutron reflectivity. A possible explanation for this discrepancy is that the two measurements are performed on different length scales and that diffusion is not Fickian over this range of length scales. Non-Fickian diffusion gives rise to translational motion for which the effective diffusion coefficient changes with wave vector or length scale.
The FReS experiments have a spatial resolution of ϳ35 nm and typically the root-mean-square displacement was larger than this value after annealing. Measurements at various annealing times indicated that the FReS results represent the true long-time diffusion coefficient ͑limit of q → 0͒. The effective length scale of these neutron reflectivity measurements is significantly less than in the FReS measurements. The third harmonic for our 30 nm multilayers decays in about 10 4 s; based upon the measured D, this corresponds to an rms displacement of about 5 nm.
Partly inspired by preliminary accounts of this work, recently several papers have appeared that discuss the crossover from the non-Fickian to Fickian diffusion in supercooled liquids. 11, 44, 45 A large crossover length ͑or small crossover q͒ is associated with spatially heterogeneous dynamics, which are thought to be important in TNB based upon the significant enhancement of translational diffusion observed near T g . From this perspective, the difference in D values obtained from FReS and neutron reflectivity can be qualitatively rationalized.
Although we report here that our neutron reflectivity results are consistent with Fickian diffusion when considering the decay of a particular Bragg peak ͑e.g., Fig. 6͒ , we have also attempted to fit our data with a variety of non-Fickian diffusion models. These fits were also successful as long as I s ͑q , t͒ in the non-Fickian model decays exponentially with time; thus our results are also consistent with some types of non-Fickian diffusion. Fits of the data to non-Fickian models yield the same diffusion coefficient at a given wave vector as was obtained from the Fickian model. Table I shows that the diffusion coefficients that we obtain from the fifth harmonic peaks ͑at higher values of q͒ have systemically smaller D values than those obtained from the third harmonic peaks. This effect is marginally significant given the experimental error but it is consistent with the information from the FReS measurements in that lower q measurements are giving larger diffusion coefficients.
CONCLUSION
We have reported the first measurements of translational motion in a deeply supercooled, single component glass former on the nanometer length scale. The self-part of the intermediate scattering function I s ͑q , t͒ is found to decay exponentially. In the q range investigated, the neutron reflectivity data are suggestive of a q dependence in the diffusion coefficient. This trend, which is supported by comparison to previous diffusion measurements at smaller q values, is qualitatively consistent with models of spatially heterogeneous dynamics. These experiments are being extended to cover a wider range of wave vectors and these data should prove very useful in understanding spatially heterogeneous dynamics and its influence on translational motion near T g .
